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Mass transfer versus kinetic control of uptake across solid-water boundaries

Abstract—We present general nondimensional solutions for
uptake across a solid-water boundary, considering the com-
bined influences of mass transfer flux limitation and uptake
reaction kinetics. Mass transfer processes are represented by a
general mass transfer velocity. Reaction kinetics are repre-
sented by first-order and Monod models. Mathematical solu-
tions are well approximated by standard mass transfer models
for low values of the derived nondimensional mass transfer
velocity and by standard kinetic models for high values. Ap-
proximate limiting values of the nondimensional mass transfer
velocity are defined for mass transfer control and kinetic con-
trol. The intermediate region, where both mass transfer and
kinetics influence the solution, is relatively broad for first-or-
der kinetics and Monod kinetics in oligotrophic environments.
Both limits decrease as concentration increases in the Monod
solution, such that under increasingly eutrophic conditions
mass transfer control becomes less important, the intermediate
range shrinks, and kinetic control becomes an increasingly
good approximation. Example calculations using data from ex-
perimental ecosystems indicate that boundary nutrient uptake
was mass transfer controlled or intermediate under oligotro-
phic conditions. Nutrient pulses applied to the systems caused
temporary eutrophication, which resulted in temporary kinetic
control.

Uptake of nutrients and dissolved gases across solid-water
boundaries is an important part of biogeochemical cycling
in natural aquatic ecosystems (Pasciak and Gavis 1974;
Boudreau and Guinasso 1982; Jorgensen and Revsbech
1985; Riber and Wetzel 1987; Santschi et al. 1990; Koch
1994). Uptake is affected both by mass transfer across the
thin layer of fluid adjacent to the boundary and by reaction
kinetics at or below the boundary. Uptake tends to be mass
transfer controlled when reaction rates are faster than mass
transfer rates (Boudreau and Guinasso 1982; Santschi et al.
1991; Thomas and Atkinson 1997). Conversely, uptake tends
to be kinetically controlled when mass transfer rates are fast-
er than reaction rates. The relative influences of these two
factors have been studied for many different aquatic pro-
cesses, including diagenesis and dissolution at the sea floor
(Boudreau and Guinasso 1982; Santschi et al. 1990), uptake
of nutrients by phytoplankton (Pasciak and Gavis 1974), up-
take of phosphorus by periphyton (Riber and Wetzel 1987),
fixation of carbon at leaf surfaces (Wheeler 1980; Koch
1994), and uptake of nutrients by coral reefs (Patterson et
al. 1991; Atkinson and Bilger 1992).

Previous investigators have used several experimental
methods for determining whether a reaction is taking place
under mass transfer control or kinetic control. Frank-Ka-
menetskii (1969) advocated estimating the maximum pos-
sible mass transfer rate and comparing it to the observed
uptake rate. If the observed uptake rate is lower than the
maximum mass transfer rate, then uptake is either interme-
diate between the two extremes or kinetically controlled. If
the observed uptake rate is equal to the maximum mass
transfer rate, then uptake is mass transfer controlled. Another
technique is to measure uptake rate under different flow con-
ditions. If observed uptake rate increases with increased tur-
bulence or mixing, then uptake is either mass transfer con-
trolled or intermediate (Koch 1994; Thomas and Atkinson
1997). Riber and Wetzel (1987) used yet another method in
which experiments were performed with the same flow but
with varying amounts of biomass at the interface. Because
no change in overall flux was observed, they concluded that
the process was mass transfer controlled.

These experimental techniques are useful for estimating
the influence of mass transfer processes on uptake, but they
have two inherent problems. First, they require extensive
experimentation to achieve even baseline characterizations.
Second, none of these techniques can distinguish the relative
degree of mass transfer control versus kinetic control. In
particular, it is difficult to distinguish experimentally be-
tween the intermediate range, where both mass transfer and
kinetics are important, and true mass transfer control or ki-
netic control.

Another technique that has been applied to the problem is
mathematical modeling, assuming a steady state balance in
which the uptake rate is equal to the mass transfer rate
(Frank-Kamenetskii 1969). Mathematical models of this bal-
ance may be distinguished by both the physical configuration
of the problem of interest and the choice of kinetic model.
Frank-Kamenetskii (1969) and Boudreau and Guinasso
(1982) equated expressions for mass transfer across flat
boundaries to first-order reaction kinetics. Bilger and Atkin-
son (1995) equated expressions for mass transfer in coral
reef communities to first-order kinetics. Pasciak and Gavis
(1974) considered mass transfer to phytoplankton cells with
Monod uptake kinetics. Boudreau and Scott (1978) formu-
lated an expression for mass transfer to manganese nodules
with Monod kinetics. Wheeler (1980) considered mass trans-
fer to giant kelp leaves with Monod uptake kinetics. Ploug
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et al. (1999) explored mass transfer to phytoplankton colo-
nies in turbulent flows with Monod kinetics.

These modeling studies are significant contributions to our
understanding of the factors that influence the balance be-
tween mass transfer control and kinetic control, but they
have had two general limitations. First, they have tended to
concentrate on specific problems and have not addressed the
issue in general. This is especially true of the Monod kinetics
solutions; Monod kinetics are more applicable than first-or-
der kinetics for many ecological uptake processes, but the
solutions are considerably more complex and hence less
amenable to general exploration. Second, they have tended
to concentrate on the asymptotic behaviors of the solutions
(pure mass transfer control or kinetic control) without con-
sidering the intermediate range in much detail and frequently
without specifying quantitative limits of validity for the as-
ymptotic solutions.

This note addresses both of these limitations. We gener-
alize the problem by expressing it in terms of a nonspecific
mass transfer velocity; we reduce the number of variables
through the use of appropriate dimensionless ratios; we de-
rive dimensionless full solutions for both the first-order and
Monod cases; and we compare and contrast the two cases.
We also identify values of these dimensionless ratios that
serve as approximate limits of validity for kinetic and mass
transfer control. We conclude by presenting example calcu-
lations for the walls and benthos of experimental ecosystems
and discussing implications for mass transfer control of
boundary nutrient uptake in different environments.

Background—In general, mass transfer is expressed math-
ematically as

F 5 b(C` 2 Co), (1)

where F is flux (M L22 T21), b is the mass transfer velocity
(L T21), C` is the bulk fluid concentration away from the
boundary in (M L23), and Co is the concentration at the
boundary (M L23). b is strongly dependent on the configu-
ration of the system under consideration. Perhaps the most
straightforward configuration is flow over a hydrodynami-
cally smooth, flat surface, such as the muddy deep ocean
floor (Santschi et al. 1991; Dade 1993), where a diffusive
sublayer just above the boundary plays the role of a mass
transfer limiting stagnant film. Under these conditions, b
may be estimated as

b 5 0.1Sc22/3u* (2)

(e.g., Dade 1993), where Sc 5 n/D is the Schmidt number,
n is the kinematic viscosity (L2 T21), D is the molecular
diffusivity (L2 T21), u* 5 (tb/r)0.5 is the shear velocity (L
T21), tb is the bottom shear stress (F L22), and r is the den-
sity of water (M L23). Other, more complicated expressions
may be derived for flow over leaf surfaces (Wheeler 1980),
flow around sinking phytoplankton cells (Pasciak and Gavis
1974), phytoplankton colonies in turbulent flows (Ploug et
al. 1999), flow over individual corals (Patterson 1992), flow
over coral communities (Thomas and Atkinson 1997; Baird
and Atkinson 1997), etc. More complex system configura-
tions often necessitate semiempirical expressions for b, but
in general it depends on flow speed, heat flux (if any), the

length scale(s) of interest, n, and D (Frank-Kamenetskii
1969). Many recent investigations of b express it in terms
of dimensionless Sherwood (Sh) or Stanton (St) numbers,
which are themselves expressed in terms of dimensionless
Reynolds numbers (Re) and Sc (e.g., Patterson 1992; Thom-
as and Atkinson 1997; Ploug et al. 1999). As in the present
development, nondimensionalization of the problem consol-
idates both experiments and analyses.

Uptake kinetics at a solid-water boundary may be repre-
sented mathematically in several different forms. The sim-
plest form for uptake that depends on concentration but does
not saturate at high concentrations is the first-order expres-
sion

R 5 kCo, (3)

where R is the reaction rate (M L22 T 21) and k is a reaction
rate constant (L T21). First-order kinetics have been used to
describe reactions such as decay of organic carbon in oxy-
genated environments (Fogler 1992) and the uptake of nu-
trients by coral communities (Bilger and Atkinson 1995).
Michaelis-Menten or Monod kinetics represent an alternative
ecologically important reaction model for growth or uptake
rates that become saturated at some high concentration (e.g.,
Atkinson and Davies 1974). Monod kinetics are written

V Cm oR 5 (4)
K 1 Cm o

where Vm is the maximum uptake rate and Km is the con-
centration at which the uptake rate is one-half of its maxi-
mum.

The solution for the steady state uptake rate is derived by
equating the mass transfer rate (Eq. 1) to the uptake rate
(Eq. 3 or Eq. 4). The first-order model is obtained by setting
Eq. 3 equal to Eq. 1,

R 5 kCo 5 b(C` 2 Co). (5)

The Monod model is obtained by setting Eq. 4 equal to
Eq. 1,

V Cm oR 5 5 b(C 2 C ) (6)` oK 1 Cm o

The solutions to both these models are straightforward,
though the Monod case is more complex than the first-order
case. In fact, they have both been derived by others as de-
scribed above. However, analysis of the solutions is com-
plicated by the number of variables involved, and compari-
son of the solutions is further complicated by the fact that
some of the variables are different. Both of these issues may
be addressed by expressing and solving Eqs. 5 and 6 in terms
of appropriate, comparable dimensionless ratios.

Dimensionless solutions—The first-order case is almost
trivial, but it provides an instructive introduction to the Mo-
nod case. Dividing Eq. 5 by kC` yields

R C b Co o5 5 1 2 (7)1 2kC C k C` ` `

and using the right-hand equality of Eq. 7 to eliminate Co/
C` yields
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Fig. 1. Solid line—dimensionless uptake rate R/kC` plotted
against dimensionless mass transfer coefficient b/k for first-order
kinetics (Eq. 8). Dashed line on left—Mass transfer control approx-
imation R 5 bC`. Dashed horizontal line—Kinetic control approx-
imation R 5 kC`. Shaded areas show values of b/k for which each
approximation overestimates the full solution by less than 25%.

Fig. 2. Dimensionless uptake rate RKm/VmC` plotted against di-
mensionless mass transfer coefficient bKm/Vm for Monod kinetics
(Eq. 10). Each curve represents the solution for a constant value of
C`/Km. C`/Km 5 0 is identical to the first-order kinetics curve in
Fig. 1.

R b/k
5 (8)

kC 1 1 b/k`

The dimensionless ratios in Eq. 8 may be readily interpreted.
R/kC`, the dimensionless uptake rate, is the ratio of the ac-
tual uptake rate to the maximum possible uptake rate. b/k,
the dimensionless mass transfer coefficient, is the ratio of
the mass transfer coefficient to the first-order uptake rate
constant.

Eq. 8 is plotted in Fig. 1. It is well approximated by R/
kC` 5 b/k for b/k K 1, as shown by the dashed straight line
asymptotic to the full solution curve on the left-hand side
of the figure. Dimensionally, this is equivalent to R 5 bC`,
which is the expression for mass transfer controlled uptake
(Frank-Kamenetskii 1969; Boudreau and Guinasso 1982;
Bilger and Atkinson 1995). Uptake appears to be a first-order
process, but the apparent reaction rate constant is a function
of flow and is independent of the actual uptake kinetics at
the boundary. On the other hand, Eq. 8 is well approximated
by R/kC` 5 1 for b/k k 1, as shown by the dashed hori-
zontal line in Fig. 1. Dimensionally, this is equivalent to R
5 kC`, which is the expression for kinetically controlled
first-order uptake.

The intermediate region where both mass transfer and ki-
netics are important is quite broad with first-order kinetics,
and both mass transfer control and kinetic control are poor
approximations to the actual uptake rate in this region. For
example, at b/k 5 1 both approximations are 100% over-
estimates of actual uptake rate. If we define an overestima-
tion of no more than 25% as an acceptable criterion for the
accuracy of the asymptotic approximations, then b/k , 0.25
is the region of validity for mass transfer control and b/k .
4 is the region of validity for kinetic control; these regions
are shaded in Fig. 1.

There are a number of possible nondimensionalizations of

Monod uptake, but the best one for comparison to the first-
order case and for examination of the influence of mass
transfer may be derived by dividing Eq. 6 by VmC`/Km:

Co

RK C bK Cm ` m o5 5 1 2 (9)1 2V C C C V Cm ` ` o m `1 1
K Cm `

Using the right-hand equality of Eq. 9 to eliminate C`/Co

(algebraically simpler than eliminating Co/C` in this case)
yields

21
RK C 1 Cm ` `25 1 g 1 g 1 4 (10)1 2[ ]!V C K 2 Km ` m m

where

21
bK Cm `g 5 1 1 21 2V Km m

The dimensionless ratios in Eq. 10 also are easily interpret-
ed. The dimensionless uptake rate RKm/VmC` is analogous
to R/kC` in the first-order solution. It is the ratio of the actual
uptake rate to the maximum possible uptake rate as C` →
0, where Monod kinetics behave like first-order kinetics with
k ; Vm/Km. The dimensionless mass transfer coefficient
bKm/Vm is similarly analogous to b/k in the first-order so-
lution. The dimensionless bulk concentration C`/Km has no
analog in the first-order solution, but it is a good indicator
of the degree of eutrophication relative to Monod saturation.

Eq. 10 is shown graphically in Fig. 2 as a family of
curves, each with a different constant value of C`/Km, plotted
against bKm/Vm. Curves are plotted for C`/Km ranging from
0 through 0.1 (oligotrophic conditions) to 10 (eutrophic con-
ditions). The solution for C`/Km 5 0 is identical to the first-
order solution shown in Fig. 1, and it is an envelope for all



1183Notes

Fig. 3. Mass transfer and kinetic control limits of bKm/Vm plot-
ted against dimensionless concentration C`/Km for Monod kinetics.
Limits are defined by the value of bKm/Vm for which each approx-
imation overestimates the full solution by 25% (Eqs. 12 and 13).
MEERC data in Table 1 are plotted as well, for NO3 1 NO2 (N)
and PO4 (P) uptake at low (open circles) and high (closed circles)
ambient nutrient concentrations.

Fig. 4. Dimensionless uptake rate R/Vm plotted against dimen-
sionless concentration C`/Km for Monod kinetics. Each curve rep-
resents the solution for a constant value of bKm/Vm. bKm/Vm 5 `
is identical to the standard Monod kinetics expression (Eq. 4). As
bKm/Vm approaches zero, mass transfer controls uptake.

of the Monod solutions. Near bKm/Vm 5 0, the curves all
approach RKm/VmC` 5 bKm/Vm. Just as in the first-order
case, this is dimensionally equivalent to R 5 bC`, and it
represents mass transfer controlled uptake. As bKm/Vm in-
creases, uptake asymptotically tends toward kinetic control.
Under increasingly eutrophic conditions, this happens at
lower and lower values of bKm/Vm. The level of each of the
curves under kinetic control is given by

RK 1m 5 (11)1 2V C Cm ` `max 1 1
Km

Following the line of reasoning introduced in the discussion
of first-order kinetics, we define an overestimation of no
more than 25% as an acceptable criterion for the accuracy
of the mass transfer control approximation at low bKm/Vm

and the kinetic control approximation at high bKm/Vm. These
limits are given by

bK 0.25m , (12)
V Cm `1 1 0.2

Km

for mass transfer control and

C`4 1 0.8
bK Km m. (13)

2Vm C`1 11 2Km

for kinetic control. They are plotted in Fig. 3. Examination
of Eqs. 12 and 13 and Fig. 3 reveals that both limits become
vanishingly small as C`/Km becomes very large. This means

that under increasingly eutrophic conditions mass transfer
control becomes less and less important, kinetic control be-
comes an increasingly good approximation, and the inter-
mediate range becomes smaller and smaller. The limit curves
cross at C`/Km 5 15; both approximate solutions overesti-
mate by less than 25% in the overlap range for C`/Km . 15.

Another view of the effects of mass transfer limitation on
uptake with Monod kinetics is presented in Fig. 4. This fig-
ure shows a family of curves of the nondimensional ratio R/
Vm, each with a different constant value of bKm/Vm, plotted
against C`/Km. These solutions are derived simply by mul-
tiplying both sides of Eq. 10 by C`/Km. Curves are plotted
for bKm/Vm ranging from 0.1 (mass transfer control) to `
(kinetic control). The solution for bKm/Vm 5 ` is identical
to the standard Monod kinetic equation with C` substituted
for Co. Curves such as those in Fig. 4 might be generated
from experimental data on uptake rate versus concentration,
with the different curves representing different flow condi-
tions. Fig. 4 indicates that mass transfer limitation should
have little practical effect on derived kinetic parameters for
bKm/Vm . 2. As bKm/Vm decreases below 2, mass transfer
begins to limit uptake, resulting in marked deviations of the
uptake rate curve from pure Monod kinetics. Estimates of
kinetic parameters obtained with bKm/Vm , 2 thus might be
erroneous, especially for low values of C`/Km. At low C`/
Km and bKm/Vm ø 0.1, the curves approach straight lines
with slopes approximated by the value of bKm/Vm. Under
these conditions an uptake kinetics experiment ignoring
mass transfer effects might lead to the mistaken conclusion
that uptake kinetics were first-order, when in fact uptake was
mass transfer controlled with Monod kinetics.

Finally, we should note the similarity between the solution
shown in Fig. 4 and solutions presented by Pasciak and Gav-
is (1974) and Wheeler (1980), among others. Pasciak and
Gavis derived a dimensionless transport ratio P, very similar
to our bKm/Vm, which depends on shape, radius, and settling
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or swimming speed of phytoplankton at very low Reynolds
numbers instead of our mass transport velocity. They sug-
gested that P , 2 implies transport limitation, in accordance
with our discussion above. Wheeler (1980) considered the
interaction between flow and fixation of carbon by giant kelp
leaves; he presented data and calculations that are similar to
Fig. 4 and one experimental plot reminiscent of Fig. 2. These
previous formulations were for specific problems, and their
results were therefore somewhat less general than ours. More
importantly, they did not consider the interaction between
mass transfer limitation and bulk concentration. It would be
interesting to reconsider their results in light of the concen-
tration dependence predicted here.

Example calculations—The approach we have developed
here allows direct theoretical prediction of the influence of
mass transfer on uptake, given reasonable estimates of the
controlling parameters. These parameter estimates must in-
clude the mass transfer velocity (or its components), the con-
trolling kinetic parameters, and the bulk fluid concentration.
In the following, we present and discuss example calcula-
tions using data on uptake kinetics and boundary shear ve-
locities from wall and benthic flux measurements in exper-
imental ecosystem tanks.

Incubation experiments were run using wall strips and
sediments from experimental ecosystem enclosures [the
Multiscale Experimental Ecosystem Research Center
(MEERC) Pelagic/Benthic tanks at the University of Mary-
land Center for Environmental Science, Horn Point Labo-
ratory] to measure the parameters controlling uptake of nu-
trients at the wall and bottom boundaries (C.-C. Chen and
E. Porter, pers. comm.). These experiments were run in sep-
arate, well-mixed incubation chambers and are assumed not
to have been affected by mass transfer limitation, such that
the derived kinetic parameters are reasonable estimates of
the true kinetic parameters of the wall and benthic commu-
nities. Monod parameters were estimated using Lineweaver-
Burk plots (Fogler 1992) to fit the observed data. Resultant
estimates of Vm/Km were 0.01 m h21 for NO3 1 NO2 at the
bottom boundary and 0.45 m h21 for PO4 at the wall bound-
ary, based on experiments with highly significant Lineweav-
er-Burk regressions (r2 5 0.95, p , 0.05 for NO3 1 NO2

and r2 5 0.85, p , 0.05 for PO4). Corresponding estimates
of Km were 1.56 mM for NO3 1 NO2 and 0.25 mM for PO4.

Estimates of wall and bottom shear velocities in the
MEERC P/B tanks were obtained separately using hot film
sensors (Crawford and Sanford pers. comm.) at a number of
different mixing rates. The u*s at the standard mixing rates
for MEERC experiments fall into two distinct groups. Av-
erage shear velocities at the bottom boundary of the large
(10 m3) tanks were significantly lower (0.05 cm s21) than
average shear velocities at the bottoms of the smaller tanks
and at the walls of all of the tanks (0.12 cm s21). The bound-
ary layers on the walls and bottoms of the tanks were all
smooth turbulent. The Schmidt numbers of NO3 and NO2 are
very similar at 228C and a salinity of 14, averaging 600,
whereas the Schmidt number of PO4 under these conditions
is 1,440. Substituting these values into Eq. 2 yields three
different estimates for b: 0.0061 m h21 for NO3 1 NO2 at
u* 5 0.12 cm s21, 0.0034 m h21 for PO4 at u* 5 0.12 cm

s21, and 0.0025 m h21 for NO3 1 NO2 at u* 5 0.05 cm s21.
We do not list b for PO4 at u* 5 0.05 cm s21 because no
estimates of kinetic parameters for PO4 were available at the
bottom boundary of the large tanks.

Water column concentrations of NO3 1 NO2 and PO4 var-
ied significantly over the course of most MEERC P/B ex-
periments, but broadly speaking they could be classified as
high or low. Experiments were initiated with ambient Chop-
tank River water, which in the summer and fall tended to
have relatively low concentrations of NO3 1 NO2 and PO4.
After an initial adjustment period of approximately 1 week,
a nutrient pulse was applied, increasing water column NO3

1 NO2 and PO4 concentrations by approximately 2 orders
of magnitude. Concentrations decreased rapidly following
the nutrient pulse as the nutrients were assimilated. A sig-
nificant fraction of total nutrient uptake occurred at the walls
and benthos of the tanks (Chen et al. 1997). A typical low
NO3 1 NO2 concentration was 0.8 mM, and a typical low
PO4 concentration was 0.02 mM. Immediately after the nu-
trient pulse, NO3 1 NO2 concentration was elevated to 50
mM and PO4 concentration to 3 mM (Petersen et al. 1997).

The above estimates of b, Vm/Km, Km, and C` for sum-
mertime MEERC P/B experiments are summarized in Table
1. All of these estimated values are approximate, but they
are more than adequate for our purposes. They were used to
calculate bKm/Vm, C`/Km, the mass transfer control limit
(MTlim, Eq. 12), and the kinetic control limit (Klim, Eq. 13),
and the results are listed in Table 1 and shown graphically
in Fig. 3. Comparison of bKm/Vm to MTlim and Klim allows
estimation of the degree of mass transfer limitation of
boundary uptake under different conditions in the MEERC
P/B tanks. Under low nutrient conditions, nutrient uptake
was either mass transfer controlled or only slightly into the
intermediate range. Mass transfer control was most pro-
nounced for PO4 uptake because its relatively high value of
Vm/Km ensured that bKm/Vm was always low. The influence
of flow is apparent when comparing low u* to high u* es-
timates for NO3 1 NO2 uptake. Low u* NO3 1 NO2 uptake
was very close to mass transfer control, whereas high u*
was intermediate between mass transfer control and kinetic
control. In any case, under relatively oligotrophic conditions
nutrient uptake was always primarily controlled by flow, and
uptake kinetics played only a secondary role.

Under high nutrient conditions, with C` increased by ap-
proximately 2 orders of magnitude, the environment was
changed from oligotrophic to eutrophic relative to wall and
bottom uptake kinetics. The limit values for mass transfer
and kinetic control are both significantly smaller at these
high concentrations, such that all NO3 1 NO2 uptake was
strongly kinetically controlled and PO4 uptake was inter-
mediate between mass transfer control and kinetic control.
Under these conditions flow likely had little effect on uptake,
which was primarily controlled by the kinetics of nutrient
use by the wall and bottom communities.

The calculations described here allow direct estimation of
the influence of mass transfer on boundary uptake, but there
are several uncertainties inherent in the parameter estimates
needed for these calculations. One important uncertainty is
the possibility that the procedures used to estimate the ki-
netic parameters may themselves have been subject to mass
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transfer limitation. We assumed this was not a problem for
the present calculations because the uptake experiments were
well mixed and because our primary emphasis is on illus-
trating the calculation procedure rather than determining de-
finitive parameter values. In any case, this uncertainty is
likely to affect Km estimates more than Vm estimates. Refer-
ring to Figs. 3 and 4, it is apparent that as long as C`/Km is
high and there is modest flow energy, estimates of Vm should
not be affected significantly by mass transfer limitation. Un-
der the oligotrophic conditions needed to determine the
shape of an uptake curve near C`/Km 5 0, however, mass
transfer limitation is much more likely. Mass transfer limi-
tation decreases the slope of the uptake curve in this region
(Fig. 4), which leads to an underestimate of Vm/Km. This in
turn leads to an overestimate of Km, assuming a trustworthy
estimate of Vm. An overestimate of Km means an underesti-
mate of C`/Km and an overestimate of bKm/Vm. This trans-
lates to a bias upward and toward the left in Fig. 3, which
may or may not result in a misdiagnosis of the relative in-
fluences of mass transfer and kinetics.

Possible solutions to this problem include using Eq. 10 to
correct the kinetic parameter estimates (a complex iterative
procedure) or simply assuming a reasonable value for over-
estimation of Km in order to estimate potential errors. How-
ever, a better solution is to derive kinetic parameters from
uptake experiments not affected by mass transfer limitation
in the first place. For example, one might begin uptake ex-
periments at a low concentration with gentle mixing, in-
crease mixing until there is no further increase in uptake,
then maintain that mixing rate as concentration is increased
until uptake saturates. This would yield both reasonable es-
timates of the true kinetic parameters and an indication of
the behavior of the mass transfer coefficient in the experi-
mental apparatus.

Determining or predicting the mass transfer coefficient b
is the other potential major uncertainty in these calculations.
We have assumed that b is known, but we do not mean to
imply that determining b is trivial. This often requires care-
ful experimentation with particular attention to replication of
flow conditions likely to be encountered in nature. A full
discussion of the factors that control the mass transfer co-
efficient is beyond the scope of this paper, but see, e.g.,
Bilger and Atkinson (1992), Patterson (1992), Dade (1993),
or Ploug et al. (1999).

In conclusion, both the theory and the examples presented
here reinforce the importance of considering all of the fac-
tors that affect boundary uptake, not just mass transfer and
not just kinetics. Mass transfer control is more likely in low-
energy, oligotrophic environments for uptake kinetics char-
acterized by high ratios of Vm/Km (or high first-order reaction
rate coefficients). Kinetic control is more likely in high-en-
ergy, eutrophic environments for uptake kinetics character-
ized by low ratios of Vm/Km (or low first-order reaction rate
coefficients). However, there are many situations in which
both mass transfer and kinetics are important, when a change
in any of the controlling parameters can affect boundary
uptake significantly.
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